Abstract gosity greatly reduce the efficiency of traditional methods for potato breeding. Therefore, an alternative approach An efficient protocol has been developed for for further improvement of commercial potato varieties Agrobacterium-mediated transformation of internodal uses in vitro techniques, including somatic hybridization, explants derived from three economically important mutagenesis and genetic transformation. Several protoSolanum tuberosum genotypes, namely Bintje, Dé siré e cols for genetic transformation using leaf discs and potato and Kaptah Vandel. By combining the best treatments, tuber discs have been successfully employed to generate this protocol yielded an average transformation rate transgenic plants resistant to herbicides, insects and disof 90% of treated longitudinal cut internodal explants.
Introduction
Kaptah Vandel is one of the most important starchy variety grown in Europe. Potato is one of the most agronomically important plants
In this study, an improved and efficient method of in the world, notably due to its high productivity and its Agrobacterium-mediated genetic transformation of three high starch, vitamin and protein content. Sterility and tetraploidy in conjunction with a high level of heterozyvarieties, namely Désirée, Bintje and Kaptah Vandel using Table 1 . Media composition internodal explants is described. The use of zeatin riboside in the regeneration media has allowed a considerably
All media contained Murashige and Skoog (1962) basal medium (salts and vitamins, MS ) complemented with 25 g l−1 sucrose and 8 g l−1
reduction of the callus phase and, accelerated transgenic agar (pH=5.7) and referred to as BM.
bud formation. As a consequence, the problem of somaclonal variation was greatly reduced. 0.5 g l−1 2-(N-morpholino) ethanesulphonic acid (MES) and adjusted to pH 5.7 with 0.1 N HCl or KOH before adding Danagel and autoclaving (120°C, 20 min) . Growth regulators such as indole-3-acetic acid (IAA), naphthalene acetic acid Flow cytometry (NAA), 6-benzylaminopurine (BAP), zeatin riboside (ZR, trans Ploidy level was determined using a Partec CA II flow cytometer isomer, Sigma, St Louis MO USA) and gibberellic acid 3 (GA 3 ) (Partec, Maison-Alfort, France) as described (Brown et al., were added before autoclaving. Potato plantlets were placed in 1991; Sangwan et al., 1991 Sangwan et al., , 1992 . Young leaves (c. 0.3 g) from a large test tube and cultured in a growth chamber with a glasshouse-grown (transformed and untransformed) potato photoperiod of 16 h (100 mE m−2 s−1 white fluorescent light) at plants were chopped with petunia leaves (internal reference) 22°C (±1°C ).
using razor blades in 400 ml of ice-cold buffer (Brown et al., For genetic transformation, Agrobacterium tumefaciens 1991). The nuclei in suspension were filtered through a 30 mm C58C1Rif carrying the binary vector pGS Gluc 1 was used, nylon mesh, and stained for 15 min with DAPI. About 5×103 kindly provided by J Leemans (PGS, Gent, Belgium). This to 104 nuclei were analysed per experiment. The distribution of plasmid contains the npt II selectable marker gene under nuclear fluorescence is represented as a histogram of DNA transcriptional control of the TR1' promoter and the gus content in arbitrary units. reporter gene transcribed by the TR2' promoter between the T-DNA borders, as described elsewhere (Sangwan et al., 1991) .
Determination of GUS expression
The b-glucuronidase enzyme activity was detected histochemTransformation and plant regeneration ically as described (Jefferson, 1987) . Explants were incubated Internodal explants from 4-week-old plantlets were used for overnight at 37°C with X-Gluc in phosphate buffer (Jefferson, transformation. Only the first six internodes from the top of 1987). the plantlet were excised. Internodal explants (4-6 mm) were cut lengthwise down the middle. The Agrobacteria C58 C1rif PCR assay containing pGS Gluc 1 were incubated for 15 h at 28°C with DNA was isolated from putative transformants and positive shaking (approximately 50 rpm) in liquid medium (Luriaand negative controls as described by Rogers and Bendich Bertani Broth, LB; Miller, 1972 Miller, ) without antibiotic, prior to (1988 . The presence of the transferred npt II gene was co-cultivation with the explants. Fifty explants were incubated demonstrated by using standard PCR techniques as described in 30 ml MS liquid medium (salts and vitamins MS, 3% sucrose, by Sambrook et al. (1989) . The npt II gene was amplified using pH 5.7) containing 1:10 vol. of bacterial suspension for 30 min the primers: 201-222: 5∞-GAG GCT ATT CGG CTA TGA in a 9 cm diameter Petri dish, blotted dry on a filter paper and CTG-3∞ and 900-879: 5∞-ATC GGG AGG GGC GAT ACC cultured on Callus Inducing Medium (CIM ) ( Table 1) under GTA-3∞. The expected size of the PCR fragment was 700 bp. the conditions described above. Internodal explants were placed with the cut face in contact with the medium. Different media Northern hybridization used in transformation experiments are also given in Table I .
After 3 d of co-cultivation, the explants were washed with Total RNA was isolated from 1 g of frozen potato leaves using the guanidine-HCl method described by Harpster and Taylor MS liquid medium (salts and vitamins MS, 3% sucrose, pH 5.7) containing 1 g l−1 cefotaxime (Claforan, Roussel-Uclaf, France) (1986). Northern hybridization was carried out using standard techniques (Sambrook et al., 1989) . Total RNA (30 mg per for 30 min. After dry blotting, the explants were placed on selection medium (CIM containing 250 mg l−1 cefotaxime and lane) was separated by electrophoresis on 1.2% agarose formaldehyde gels and transfered with 20×SSC (3 M NaCl 125 mg l−1 kanamycin). When well developed, calli were subcultured on Shoot Induction Medium (SIM ), an auxinand 0.3 M sodium citrate, pH 7.0) on to positively charged nylon membranes (Appligene, Illkirch, France) by capillary lacking CIM medium. Green shoots reaching a length of 1-2 cm were excised and transferred to large test tubes (150×25 mm) action. Membranes were prehybridized (5 h, 42°C ) and hybridized (overnight, 42°C ) in a buffer containing 6× SSC, containing selective rooting medium (RIM ). Roots were obtained after 1 week in culture. Only plantlets with well5×Denhardt, 0.2% SDS, 50% formamide, and 100 mg ml−1 denatured salmon sperm. To produce the DNA probe, pBI 121 developed roots were transferred to the glasshouse for histochemical and molecular analysis.
(Clontech) was digested with EcoR1 and Xba1 restricted Results a% of internodes forming at least one bud after 3 weeks of culture on SIM2 medium.
Optimization of transformation using internodal explants bNumber of rooted buds on RIM medium after 3 weeks of culture. Values indicate means ±SD of these three independent experiments.
Most of the published protocols for internode potato transformation used whole internodes (Ooms et al., 1987;  on the shoot induction medium (data not shown). Visser et al., 1989) . Here, the internodal segment were Different culture times on selective CIM2 medium cut longitudinally into two equal parts. After 3 d of (containing kanamycin (125 mg l−1) and cefotaxime co-cultivation on CIM1 medium, the internodal segments (300 mg l−1)) during transformation experiments were were cultured for 4 weeks on selective CIM1 medium also tested (data not shown). Regeneration of buds in ( Fig. 1A) and then transferred to SIM1 medium, both large numbers, after a 9 d period on selective CIM2, was media containing kanamycin (125 mg l−1) and cefotaxime obtained during the second period of culture on SIM2 (300 mg l−1). After 4 weeks of culture on SIM1, green medium. buds were obtained ( Fig. 1B, C ). They were transferred Therefore, a 9 d period on selective CIM2 medium was to large test tubes containing selective rooting RIM used for these transformation experiments. This protocol medium. This protocol has allowed several kanamycinallowed a large number of buds to be obtained: 7-9 buds resistant buds using the two cultivars Bintje and Désirée.
per explant ( Table 3 ) with the three cultivars tested With the internodal explants, an average of 3.7 resistant (Bintje, Désirée, Kaptah Vandel ) in a shorter time (4-6 buds (for Bintje) and 6.4 resistant buds (for Désirée) was weeks). These kanamycin-resistant buds were then isolobtained per explant. Similar results were obtained when ated and cultured on a selective rooting medium (RIM ) leaf explants were used for transformation (data not ( Fig. 1E) . After a week of culture on this medium, 100% shown). However, it is easier to work with internodal of the buds developed roots. The rooted plantlets were segments than with leaf explants. In fact, the internodal transferred to the glasshouse 7-8 weeks after culture explants are less sensitive to injuries during different initiation (Fig. 1F, G) . Different steps used to optimize manipulation steps. Moreover, the variation in the samthis protocol are summarized in Fig. 2 . pling of the internodes on the plant is less important when compared to the leaves, for example, old leaves Analysis of regenerated plants away from the shoot apex are less reactive to the in vitro culture when compared to young leaves (data not shown).
A common problem in potato regeneration/transformation using leaf explants or a long callus phase is the However, using this transformation method, a relatively high frequency (>15%) was obtained of plants showing considerable level of somaclonal variation, including polyploidy, observed among the regenerants (Hänish ten Cate abnormal ploidies ( Table 2) . For this reason, several cytokinins were tested and, in particular, ZR, in order to and Ramulu, 1987; Higgins et al., 1992) . Therefore, a morphological inspection and flow cytometry analysis reduce the callus phase and to accelerate bud formation. The preliminary experiments of in vitro regeneration, was carried out on Bintje and Désirée regenerants derived from the explants cultured either on the series 1 or series performed using the cultivars Bintje and Désirée, showed that a culture period of 7 d on the callus induction 2 media ( Table 1) . Visual inspection of 150 (75 for each cultivar) transgenic plants in the glasshouse revealed medium containing ZR gave optimal bud regeneration the series 2 had a ploidy level identical to that of control plants ( Table 2) . However, more detailed morphometric and chromosomal analyses are required to further confirm these observations. In contrast, using the regenerants obtained from the explants cultivated on series 1 media, a variation in the ploidy was observed ( Table 2) ( Fig. 3C,  D) especially on the plants showing morphological abnormalities (Fig. 1H ) . Leaves of in vitro putative transformants, leaf discs of glasshouse-grown plants and negative controls were incubated with X-Gluc to detect GUS activity. Transformed leaf tissues showed intense GUS activity (Fig. 1I ) , whereas activity was not detected in control plants.
PCR and Northern blot analysis
PCR analysis using npt II specific primers was performed on 20 putatively transformed plants. Transformed plants displayed a 700 bp amplification product which was missing in non-transformed control plants ( Fig. 4) . Rooting on selective (kanamycin) medium was found to be a good indicator of transformation, as 100% of rooted shoots were positive when tested by PCR.
Expression of the transgene in the regenerants was also verified by Northern blot analysis. Figure 5 shows the mRNA expression of the gus gene in the leaves of the five transgenic potato plants grown in the glasshouse. The predicted gus transcript at 2.13 kbp was observed in all the transgenic plants analysed while no transcript was observed in the control untransformed plants. Thus, these data indicate that the transgene is integrated in the potato plants and is well transcribed in the transgenic plants.
Discussion
An efficient transformation protocol has been developed for the three commercially important potato cultivars Bintje, Désirée and Kaptah Vandel using ZR and longit- udinally cut internodal explants. An average transformation rate of 90% was obtained with 7-9 buds per explant in a short period (7-8 weeks) . The use of ZR as a morphological abnormalities in eight plants from series 1 (Fig. 1H ) . No morphological abnormalities were cytokinin in the culture media allowed the duration of culture on callus-inducing medium to be reduced and, observed on the plants from series 2. To determine the ploidy level of transgenic plants, DNA histograms were more importantly, a large number of buds quickly (in a shorter time) and without the somaclonal variation to be constructed from transgenic plants, and peak positions were compared to those from control, untransformed induced. To our knowledge, this type of internodal transformaplants ( Fig. 3A-D) . The analysis of a 100 randomly selected transgenic plants from each media series and tion has not been used previously in potato. Using the method described ( Fig. 2) , apparently no visible changes each cultivar revealed that all the analysed plants from leaf tissues are naturally polyploid (Hänish ten Cate and Ramulu, 1987) which probably leads to the regeneration of buds with the same ploidy as the mother explants. Moreover, the leaf explants were easily injured during the manipulation, which resulted in a low percentage of transformation (De Block, 1988) , while the internodal explants are much more resistant during manipulation and more amenable to in vitro conditions. It was also observed that the transformed cells were located essentially at the section and in the cambium/pericycle cell (Sangwan et al., 1991; Higgins et al., 1992) . Longitudinal sectioning of internodes considerably increased the sec- described. This study shows that it is possible to use this transformation protocol for this important potato variety A transformation frequency of >90% was obtained on internodal explants and about eight buds per explant in this variety. Moreover, the efficiency of this method appeared to be independent of the cultivar used as the rate of transgenic plants regeneration were very similar (negative control ), lanes 2-6: plants transformed with pGS Gluc1. Finally, the system described ( Fig. 2 ) to obtain transgenic potato plants in several varieties may be useful for the introduction and regeneration of agronomically in morphology and nuclear DNA content were observed important traits without the problem of somaclonal variindicating extremely low ploidy variation in the regenation in potato and therefore would be beneficial for a erants. The leaf disc system has been routinely used with its known problem of somaclonal variation. The potato large scale application to potato transformation.
